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Summary Despite strong selection for athletic traits in Thoroughbred horses, there is marked variation
in speed and aptitude for racing performance within the breed. Using global positioning
system monitoring during exercise training, we measured speed variables and temporal
changes in speed with age to derive phenotypes for GWAS. The aim of the study was to test
the hypothesis that genetic variation contributes to variation in end-point physiological
traits, in this case galloping speed measured during field exercise tests. Standardisation of
field-measured phenotypes was attempted by assessing horses exercised on the same gallop
track and managed under similar conditions by a single trainer. PCA of six key speed indices
captured 73.9% of the variation with principal component 1 (PC1). Verifying the utility of
the phenotype, we observed that PC1 (median) in 2-year-old horses was significantly
different among elite, non-elite and unraced horses (P < 0.001) and the temporal change
with age in PC1 varied among horses with different myostatin (MSTN) g.66493737C>T
SNP genotypes. A GWAS for PC1 in 2-year-old horses (n = 122) identified four SNPs
reaching the suggestive threshold for association (P < 4.80 9 105), defining a 1.09 Mb
candidate region on ECA8 containing the myosin XVIIIB (MYO18B) gene. In a GWAS for
temporal change in PC1 with age (n = 168), five SNPs reached the suggestive threshold for
association and defined candidate regions on ECA2 and ECA11. Both regions contained
genes that are significantly differentially expressed in equine skeletal muscle in response to
acute exercise and training stimuli, including MYO18A. As MYO18A plays a regulatory
role in the skeletal muscle response to exercise, the identified genomic variation proximal to
the myosin family genes may be important for the regulation of the response to exercise and
training.
Keywords exercise, functional genomics, GWAS, global positioning system, horse, SNP,
skeletal muscle
Introduction
Over 300 years of strong artificial selection for athletic
performance in the Thoroughbred horse has resulted in a
high level of functional adaptation to exercise (Con-
stantinopol et al. 1989; Evans et al. 1993). The aerobic
capacity of horses is superior to that of other domestic
species of similar size (Jones et al. 1989; Jones & Lindstedt
1993). The large aerobic capacity of a Thoroughbred is
achieved through adaptations within the skeletal muscle,
respiratory and cardiovascular systems allowing efficient
delivery and utilisation of oxygen (Constantinopol et al.
1989). In terms of power output, Thoroughbreds have a
much greater proportion of muscle mass to body weight
(~55%) compared with less athletic horse breeds (~42%)
and most other mammalian species (30–40%; Gunn 1987).
A small founding population, in which it is estimated as few
as 30 horses contributed over 75% of the genetic variation,
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coupled with restricted external gene flow, has led to a small
effective population size (Ne  100) and a high inbreeding
coefficient (0.12; Cunningham et al. 2001; Corbin et al.
2010). Changes in breeding practices, such as the shuttling
of stallions across geographic regions, have led to an
increase in inbreeding in the Thoroughbred over time
(Binns et al. 2012). Despite this apparent lack of genetic
diversity and high level of adaptation to exercise, there
remains significant variation in terms of speed and aptitude
for racing in the Thoroughbred population.
The genetic contribution to horseracing performance has
been an area of scientific interest for some time (Field &
Cunningham 1976; Gaffney & Cunningham 1988). The
heritability of racing performance has previously been
estimated from racing times (Oki et al. 1995; Mota et al.
2005), race earnings (Tozaki et al. 2012; Velie et al. 2015)
and performance ratings (Gaffney & Cunningham 1988;
Tozaki et al. 2012). The heritability of racing times is highly
dependent on the race distance, with estimates higher for
shorter distance (0.25–0.29) than longer distance races
(0.05–0.08; Oki et al. 1995; Mota et al. 2005).
Whereas racetrack performance is the ultimate purpose
for the preparation and training of racehorses, using racing
phenotypes to understand the genetics of performance may
be complicated by the disproportionate influence of envi-
ronmental factors, such as race tactics, surface conditions
and jockey. In order to reduce the influence of these
external factors, experimental studies of physiological
parameters such as maximal oxygen consumption (VO2max)
have been undertaken on high-speed treadmills, whereby
highly controlled measurements can be taken (Allen et al.
2016). However, performing standardised exercise tests on
a high-speed treadmill presents difficulties in the context of
active racing Thoroughbreds and does not reproduce
conditions normally encountered during training. In order
to increase sample sizes and better capture the normal
training environment, field-based exercise measurements
have been developed. For example, the use of global
positioning system (GPS) and simultaneous heart rate
(HR) recording has been used to quantify exercise load
and performance during training (Gramkow & Evans 2006;
Kingston et al. 2006; Vermeulen & Evans 2006; Fonseca
et al. 2010). The two measures most commonly derived
from these data are the velocity at which HR is 200 beats
per minute (bpm; V200) and the velocity at which HR
reaches its maximum (VHRmax). VHRmax has been associated
with increased earnings per racing start (Gramkow & Evans
2006), with both V200 and VHRmax shown to increase after a
period of training (Kobayashi et al. 1999; Vermeulen &
Evans 2006). Similarly, indices derived from HR measure-
ments and blood lactate concentrations in standardised
treadmill and field exercise tests have shown these mea-
surements to correlate with racetrack performance (Evans
et al. 1993; Harkins et al. 1993; Gramkow & Evans 2006;
Vermeulen & Evans 2006). Therefore, the use of measured
physiological parameters in a field setting may provide a
more refined approach to measuring performance capacity
in racehorses.
Exercise performance is dependent on the optimisation of
central and peripheral components that may be improved
with training. Exercise training results initially in central
adaptations such as increased stroke volume and cardiac
output (Evans & Rose 1988). Peripheral adaptations such as
increased mitochondrial biogenesis (Adhihetty et al. 2003),
fat utilisation (Holloszy et al. 1977), protein synthesis
(Yarasheski et al. 1993; Hartman et al. 2006), muscle
hypertrophy (Foreman et al. 1990) and muscle fibre type
switching occur later (Serrano et al. 2000; Rivero et al.
2007). Numerous equine studies have confirmed an
increase in VO2max and oxidative enzyme activity following
training (Roneus et al. 1992; Roneus 1993; Katz et al.
1999; Serrano et al. 2000; Hinchcliff et al. 2002; McGowan
et al. 2002), which are probably achieved by increased
mitochondrial volume and improved metabolic and
mechanical efficiency of the muscle. Anaerobic capacity,
speed and force production have been observed to increase
following high-intensity (~80–150% VO2max) exercise train-
ing (Hinchcliff et al. 2002; Rivero et al. 2002; Yamano et al.
2002; Eto et al. 2004).
The racing speed of Thoroughbreds increases with age
until approximately 4–5 years of age (Gramm & Mark-
steiner 2010; Takahashi 2015). In American Thorough-
breds, racing speed measured using Beyer speed figures
(Beyer 1993) was found to peak at 4.45 years old (Gramm
& Marksteiner 2010). In a much larger cohort of Japanese
Thoroughbreds (n = 17 071–46 251 horses, depending on
race distance category), average racing speed (metres per
second) was used to examine how speed changed with age
and throughout each racing season (Takahashi 2015).
Average racing speed increased with age for all distance
categories, with the observation maintained despite an
increase in the average handicap weight carried. Average
racing speed plateaued at the beginning of the 4-year-old
season. Although previous studies have examined how
racing speed changes on a population level, changes in
racing speed with age on an individual basis have not been
reported.
Data derived from measured speed indices have yet to be
fully utilised for genetic analyses. In a cohort of racing
Thoroughbreds, speed measured by GPS was recorded and
used in a candidate gene study at the myostatin (MSTN)
gene (Hill et al. 2012). Variation at the MSTN gene is
associated with race distance aptitude (Hill et al. 2010a,b,
2019), body mass to height ratio (Tozaki et al. 2011),
muscle fibre-type proportions (Petersen et al. 2014) and
precocity (Farries et al. 2018) in Thoroughbreds. Most of
these traits were associated with the g.66493737C>T SNP
within intron 1 of MSTN. This SNP has been shown to tag
an ERE-1 SINE insertion polymorphism within the promotor
region, which alters the transcription start site of MSTN,
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which has been identified as the functional variant (Rooney
et al. 2018). In terms of GPS measured speed, using five
measured speed variables, speed was significantly greater
for homozygous C/C horses compared with C/T and T/T
horses (P < 0.05) genotyped for the g.66493737C>T SNP
(Hill et al. 2012). However, whereas genetic variants have
been shown to contribute to differences in measured speed,
to date, no genome-wide investigation of heritable variation
in measured speed during training has been reported to
identify other genetic contributions to the trait.
The aim of this study was to use speed variables measured
in a field-based setting as phenotypes for GWAS to test the
hypothesis that there is underlying genetic variation in the
Thoroughbred contributing to observed variation in speed
during high-intensity exercise. As racing speed increases
with age, we hypothesised that measured speed during
training would also increase with age and that there are




University College Dublin Animal Research Ethics Commit-
tee approval (AREC-P-12-55-Hill), a licence from the
Department of Health (B100/3525) and informed owner
consent were obtained for all horses.
Cohort
Data were recorded from 2900 GPS recordings for n = 294
horses between 2013 and 2016. Of these, n = 191 horses
(n = 104 male, n = 87 female) met the criteria for at least
one of the phenotypes used for GWAS. All horses were
born between 2011 and 2014 and were maintained at a
single flat racing training yard under the supervision of a
single trainer. Training, management and nutritional
regimens were similar for each horse. Horses used in
GWAS were the progeny of 21 stallions, with four of the
stallions siring over 20 horses each within the study
cohort.
Training
Training commenced with the introduction of the horse to
being ridden, a process known as ‘breaking’. In general,
for the study cohort, once accustomed to being ridden by a
jockey, a period of preparatory training commenced,
comprising a 600–1000 m walk, trot and slow canter
undertaken six times per week. After this period, submax-
imal training commenced. Each submaximal exercise bout
consisted of a warm-up where horses walked for 40–
70 min prior to the jockey mounting, then walked a
further 300 m mounted, followed by a 700 m trot and
slow canter down the incline of the track. This was
followed by an 800–1000 m brisk canter up the incline of
the track. After a period of submaximal training, at the
discretion of the trainer, high-intensity sprint exercise
bouts (work days) were incorporated into the submaximal
training regime.
Work day
Work days (WD) were performed on a woodchip, 1500 m,
uphill, all-weather gallop track, with the final 800 m
straight set on a 2.7% incline (Fonseca et al. 2010).
On each work day, horses were walked on a horse walker
for 30–60 min, followed by 5–10 min of walking in hand.
Warm-up under saddle consisted of a 300 m walk followed
by a 700 m trot and slow canter down the incline of the
track. A short period of walk followed. The sprint portion of
the work day consisted of the horses galloping at high
intensity for 800–1000 m.
Experimental measurements
Velocity and distance were measured using a STATSports
Viper Pod GPS monitoring system (STATSports Technolo-
gies Ltd.). The raw GPS data were smoothed using kernel
smoothing implemented through ‘ksmooth’ within the R
environment (version: 3.4.1; R Core Team 2017). Speed
indices originally described by Fonseca et al. (2010) were
derived from the smoothed GPS output (Fig. 1). The speed
indices (Table 1) were measured during the sprint portion of
the work day, defined as from when the horse first exceeded
5 m/s until it reached peak velocity (Vpeak).
Correlations among speed indices were determined using
Pearson’s correlation within R. PCA was performed using
Vpeak, acceleration (Acc), average sprint velocity (aveSpr),
distance covered in the 6 s following Vpeak (Dist6b), distance
covered in the 6 s preceding Vpeak (Dist6b) and distance
covered in the 6 s before and after reaching Vpeak (Dist6) as
input variables, using ‘princomp’ within the R environment
(Fig. 2).
Table 1 Description of speed indices derived from raw global
positioning system data.
Speed index Definition
HRpeak Peak heart rate (bpm)
Vpeak Peak velocity (m/s)
Acc Time taken (s) from when the horse first exceeded 5 m/
s in the sprint period until Vpeak was reached
aveSpr Average velocity (m/s) during the sprint period
Dist6a Distance (m) covered in the 6 s post-Vpeak
Dist6b Distance (m) covered in the 6 s preceding Vpeak
Dist6 Distance (m) covered in the 6 s before and after
reaching Vpeak
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Metadata
Track condition was assessed by a single observer and
graded from 1 (firmest) to 4 (softest). Although track
condition was measured, it was not included in statistical
modelling and used solely for descriptive purposes. For each
recorded work day, the number of previous cumulative
work days was also calculated, as well as the age in days of
the horse on the day of recording.
For a subset of horses, whole blood was collected at
rest and 5 min after the cessation of exercise into fluoride
oxalate tubes. Blood samples were centrifuged and
plasma lactate concentration measured using a YSI2300
STAT PLUS on-site bench-top autoanalyser (YSI UK
Ltd). The plasma lactate concentrations were used to
verify and describe the intensity of the exercise bouts
performed.
Figure 1 Example of smoothed global posi-
tioning system output from a recorded work
day.
Figure 2 Correlations between speed indices
included in the PCA.
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Race records were collated for horses born between
2011 and 2013. Horses were categorised as elite (Thor-
oughbred elite; TBE) if they had won or placed at Listed or
Group level, and other (Thoroughbred other; TBO) if they
had competed in a race but never won or placed at Listed
or Group level (these horses may have won or placed at
non-Listed- or Group-level races). Horses that had never
raced were categorised as unraced (UNR). The median
value for PC1 was derived for 2-year-old horses with more
than three GPS recordings, and compared among TBE,
TBO and UNR horses using a one-way ANOVA. A linear
model was used to examine the change in PC1 with age
and cumulative WDs, as well as the change in PC1 with




Principal component 1 median values were calculated from
GPS data recorded during the 2-year-old year of each horse
(2yo_PC1), for those horses with more than three record-
ings during this period.
Modelling of speed with age (DPC1)
The change in PC1 with age (DPC1) was modelled using a
robust linear model (to reduce the impact of outliers) within
the MASS package (version 7.3-47) (Venables & Ripley
2010). Horses had more than three recordings spanning a
period of 3 months or greater. All horses were aged between
1.55 and 5 years of age.
Genotyping
Genomic DNA was extracted from whole blood using the
Maxwell 16 automated DNA purification system (Promega).
Horses were genotyped usingmedium- and high-density SNP
genotyping arrays: Illumina Equine SNP70 BeadChip (Illu-
mina), n = 47 and Axiom Equine Genotyping Array (Axiom
MNEC670) (Affymetrix), n = 144. Concordant SNPs derived
from the SNP70 and SNP670 arrays were used for the
analysis. Individuals and SNPs were subject to a genotyping
threshold of 95%. SNPs missing within an individual sample
but passing the 95% call rate threshold were imputed using
BEAGLE (version: 3.3.2) (Browning & Browning 2013) using a
dataset of 1677 Thoroughbred horses genotyped on the
SNP70 array in a separate study (Hill et al. 2019). A genetic
sex check andminor allele frequency threshold of >0.05were
also included as quality control. Previously 10 horses were
genotyped on both the SNP70 and SNP670 array and post-
imputation concordance was found to be >99% (Farries et al.
2018). After quality control, 49 270 SNPs were suitable for
downstream analyses.
All horses were genotyped for theMSTN g.66493737C>T
SNP using a custom Taqman assay (Life Technologies) and
the genotype was included for the genomic analyses,
resulting in a total of 49 271 SNPs.
A genomic relatedness matrix (GRM) among horses was
constructed and PCA carried out using GCTA (version
1.42.2) (Yang et al. 2011). Results were visualised using
GGPLOT2 (Wickham 2009).
Tests of genome-wide association
GWASs were performed using a mixed-model association
test in GENABEL (version 1.8-0) (Aulchenko et al. 2007). Sex
was included as a covariate. GWAS results were visualised
with Manhattan plots generated using QQMAN (version 0.1.2)
(Turner 2018). The threshold for genome-wide significance
was determined using the Bonferroni correction based on
the effective number of independent loci (Me) using the
GENETIC ERROR CALCULATOR (version 0.2) (Li et al. 2012), with
the threshold for genome-wide significance set at 0:05Me .
LD between associated SNPs and surrounding SNPs was
determined using PLINK (version 1.09) (Purcell et al., 2007).
Haplotypes were also called using PLINK with a maximum
pairwise distance of 20 Mb based on the work of Corbin et al.
(2010). Candidate regions were mined for genes using the
EquCab2 genome annotation and Ensembl Biomart (Wade
et al. 2009; Smedley et al. 2015). Candidate genes were
queried against gene sets identified by Bryan et al. (2017) to
be differentially expressed in Thoroughbred skeletal muscle
(gluteus medius) in response to an acute bout of sprint
exercise (a work day; 3241 genes), or a 6 month period of
training (3405 genes). The EquCab2 annotation was used to
enable integration with the results of Bryan et al. (2017).
Results
Cohort
Owing to the overrepresentation of particular stallions and
therefore the presence of a large number of half-siblings,
population structure was investigated using PCA of the GRM,
which showed a high degree of clustering by sire (Fig. S1).
Based on the n = 191 horses used in at least one of the
phenotypes for GWAS, the Me was estimated to be 20 842.
This resulted in a genome-wide significance threshold of
P < 2.40 9 106, and a suggestive threshold of
P < 4.80 9 105. Of the 191 horses used in either pheno-
type for GWAS, 99 were included in GWAS for both
2yo_PC1 and DPC1. Six of these horses were also included
in the transcriptomic investigation by Bryan et al. (2017).
Experimental measurements
For the 2900 GPS recordings from 294 horses, there was a
mean of 9.9 recordings per horse (range 1–50). The mean
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recorded Vpeak was 16.36 m/s (range 14.23–17.63 m/s),
and Dist6a and Dist6b had mean distances of 96.77 m
(range 84.16–104.67 m) and 97.18 m (range 84.49–
103.88 m) respectively (Table 2). The mean Dist6ab was
193.9 m (range 169.09–208.55). Mean resting and peak
plasma lactate concentrations were 0.70 mM (range 0.12–
4.54 mM) and 28.40 mM (range 19.15–42.40) respectively
for 176 paired samples taken from 100 horses (Table 2).
Track condition was recorded for 2594 of the WDs, with the
majority taking place on a going with a score of 2
(Table S1). Of the 2900 GPS recordings, 1056 had
simultaneous heart rate recordings, with a mean HRpeak
of 219 bpm (range 182–237 bpm; Table 2).
Principal component 1 from the PCA of Vpeak, Acc,
aveSpr, Dist6a, Dist6b and Dist6 explained 73.9% of the
variation in these speed indices (Fig. 3). PC1 was largely
determined by Vpeak, Dist6a, Dist6b and Dist6. PC2
explained 22.0% of the variance and was largely weighted
by Acc. PC1 and PC2 collectively explained 95.9% of the
variance in the six speed indices.
Comparison of elite performance status for horses phe-
notyped for 2yo_PC1 showed a significant difference in
2yo_PC1 between TBE (n = 21), TBO (n = 67) and UNR
(n = 14) horses (Fig. 4). TBE horses had significantly higher
2yo_PC1 compared with TBO (PFDR = 6.97 9 10
3) and
UNR (PFDR = 3.94 9 10
4) horses. The TBO cohort also had
significantly higher 2yo_PC1 than UNR (PFDR = 0.02).
Horses within the TBE cohort had a mean of 21.67
recordings (range 8–50), TBO 15.19 recordings (range 4–
38) and UNR 7.69 recordings (range 4–14). There was a
significant difference in the number of recordings between
TBE, TBO and UNR horses, with TBE horses having a
greater number of recordings than TBO and UNR horses
(P = 3.10 9 103 and P = 4.00 9 106).
Of the 294 horses with a GPS recording, 212 had more
than three recordings and were genotyped for the MSTN
g.66493737C>T SNP (n = 81 C/C, n = 117 C/T and n = 14
T/T). These 212 horses were used to discern the relation-
ships between PC1, age, cumulative work days and the
MSTN g.66493737C>T SNP using a linear model. There
was a significant relationship between PC1 and age
(P = 1.37 9 108). An investigation of the relationship
between PC1, age and MSTN g.66493737C>T SNP geno-
type revealed a significant difference in MPC1 among MSTN
genotypes (P = 6.48 9 107; Fig. 5). This difference was
seen between C/C and C/T horses (P = 0.03) but not C/C
and T/T horses (P = 0.47). A significant association
between PC1 and number of cumulative WDs was also
observed (P = 7.09 9 1011). A significant difference in the
interaction of cumulative WDs with PC1 was observed
between C/C and T/T horses (P = 7.05 9 103), but not C/T
and T/T horses (P = 0.05; Fig. S2).
Tests of genome-wide association
In a GWAS using 2yo_PC1 as the phenotype, no SNP
reached genome-wide significance (P < 2.40 9 106); how-
ever, four SNPs on ECA8 reached the suggestive threshold
of P < 4.80 9 105 and defined a 1.09 Mb region (Fig. 6,
Table 3). The highest ranked SNP g.10114168C>T
(P = 4.28 9 106) approached the genome-wide signifi-
cance threshold (Table 3). The closest gene to the
g.10114168C>T SNP was MYO18B, with the SNP located
67 kb downstream of the transcription start site (TSS)
(Table 3). This SNP was part of a 69.9 kb, 3 SNP haplotype
spanning g.10044262–10114168 (Table S1). The third
ranked SNP g.9023079G>A (P = 2.94 9 105) within the
same candidate region was located 278 kb downstream of
the MN1 proto-oncogene (MN1) gene (Table 3). This SNP
was upstream of a 170.5 kb haplotype spanning
g.9067048–9237581 (Table S1).
No SNP reached genome-wide significance in the GWAS
for DPC1 (P < 2.40 9 106); however, five SNPs reached
the suggestive threshold (P < 4.80 9 105), defining two
candidate regions on ECA2 and ECA11 (Fig. 7). Three SNPs
on ECA11 defined a 1.82 Mb region containing 24 genes
(Table 4). The third ranked SNP in the GWAS for DPC1 was
g.42938387G>A, located within the last intron of the
MYO18A gene, which was in high LD with the top-ranked
g.42471888C>T SNP (r2 = 0.72) located 10.3 Mb down-
stream of FOXN1 (Table 4). The g.42938387G>A SNP was
part of a 10 SNP haplotype spanning 236.7 kb
(g.42738710–42975477; Table S2). The top-ranked SNP,
g.42471888C>T, was 32.9 kb upstream of a 62.2 kb
haplotype comprising two SNPs (Tables S2 and 5).
Two SNPs on ECA2 reached the suggestive threshold for
association with DPC1 (Table 5). These SNPs were located




Peak velocity (Vpeak) 16.35 m/s 0.42 m/s 14.23–17.63 m/s
Acceleration time (Acc) 40.06 s 7.99 s 21.00–89.30 s
Average sprint velocity
(aveSpr)
13.35 m/s 0.40 m/s 10.88–14.54 m/s
Distance covered in 6 s
after peak velocity
(Dist6a)
96.77 m 2.41 m 84.16–104.67 m
Distance covered in 6 s
before peak velocity
(Dist6b)
97.18 m 2.47 m 84.49–103.88 m
Distance covered in the
6 s before and after
peak velocity (Dist6)
193.79 m 4.83 m 169.1–208.6 m
HRpeak 219 bpm 7.71 bpm 182–237 bpm
Resting plasma lactate
concentration
0.70 mM 0.46 mM 0.12–4.54 mM
Peak plasma lactate
concentration
28.40 mM 4.26 mM 19.15–42.40 mM
1Speed index results derived from 2900 GPS recordings from 294
horses. Peak heart rate (HRpeak) values from 1056 heart rate recordings.
Plasma lactate concentrations taken from 176 paired samples.
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30 kb apart, with no other SNPs between them. Both of
these SNPs were within the sodium channel and clathrin linker
1 (SCLT1) gene. The g.100260390T>C SNP was located at
the end of a 382.0 kb haplotype spanning g.99878345–
100260390 (8 SNPs).
Discussion
For the first time, we have applied GPS monitoring
technology in horses to generate a composite speed index
for use in a GWAS. All recordings took place on a work day
as this was the highest-intensity exercise regularly under-
taken by the horses that could be measured. This was
reflected in our experimental measurements with horses
achieving a mean Vpeak of 16.36 m/s, mean HRpeak of
217 bpm and mean peak plasma lactate concentration of
29.92 mM (Table 2). Using PCA, we summarised 73.9% of
the variation in five key speed indices used previously to
quantify speed during training by a single measure, PC1
(Fonseca et al. 2010; Hill et al. 2012). 2yo_PC1 was
significantly different among TBE, TBO and UNR horses
(Fig. 4), validating this index as indicative of racing
performance ability. However, it should be noted that there
was a sampling bias with regard to TBE horses having
greater numbers of recordings compared with TBO and
UNR horses.
Figure 3 Biplot of the principal component
analysis of peak velocity (Vpeak), acceleration
time (Acc) and distance covered in the 6 s
preceding and proceeding Vpeak (Dist6a,
Dist6b and Dist6) measurements.
Figure 4 Comparison of median value for
principal component 1 in 2-year old-elite, non-
elite and unraced horses.
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As a preliminary test, the relationship between age and
speed was investigated among MSTN g.66493737C>T SNP
genotypes. Although C/C and C/T horses started at a
relatively similar speed and age, the rate of improvement in
speed (PC1) with age for C/C horses was significantly
greater than for C/T horses (P = 0.03). In comparison, T/T
horses showed much lower initial speed, but the rate of
improvement in speed was not significantly different from
C/C or C/T horses (P = 0.47). Changes in speed with
cumulative work days were also modelled, and a similar
pattern of change to that observed for modelling speed with
age was observed for C/C and C/T horses. Although T/T
horses had lower speed on early work days, they had a
much more rapid increase in speed with cumulative work
days compared with C/C and C/T horses (Fig. S2). The
observation of lower speed among T/T on early WDs is
probably due to their being adapted to longer-distance
exercise and having lower aptitude for speed, as was
previously observed by Hill et al. (2012), showing T/T
horses to have significantly lower recorded speed compared
Figure 5 Linear model of measured speed
(using principal component 1) with age (years)
across the three MSTN g.66493737C>T SNP
genotypes.
Figure 6 Manhattan plot of association for
median recorded 2-year-old speed, as quanti-
fied by principal component 1.
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with C/C individuals. The steeper increase in speed with
cumulative WDs among T/T horses may be a consequence
of commencing WDs at a later age (Fig. 4) and participating
in fewer WDs over a given period compared with C/C and C/
T horses (Fig. S2). However, it may also reflect a greater
response in speed to a given amount of training. To
Table 3 GWAS results for the candidate region identified on ECA8 for median 2-year-old speed (as measured by principal component 1).1
GWAS result Nearest gene
SNP position P Gene TSS Gene end LD with top SNP (r2) Distance from TSS (kb)
9023079 2.94 9 105 MN1 8744909 8786454 0.42 278.17
9067048 0.25 MN1 8744909 8786454 0.04 322.14
9155934 0.05 MN1 8744909 8786454 0.09 411.03
9186481 0.05 MN1 8744909 8786454 0.06 441.57
9194496 0.11 MN1 8744909 8786454 0.06 449.59
9213062 0.03 MN1 8744909 8786454 0.07 468.15
9237581 0.02 CRYBA4 9694831 9700087 0.07 457.25
9304992 7.69 9 103 CRYBA4 9694831 9700087 0.09 389.84
9325552 8.16 9 103 CRYBA4 9694831 9700087 0.10 369.28
9374074 0.31 CRYBA4 9694831 9700087 0.02 320.76
9379759 0.25 CRYBA4 9694831 9700087 0.03 315.07
9430846 0.85 CRYBA4 9694831 9700087 0.05 263.99
9466731 7.36 9 106 CRYBA4 9694831 9700087 0.60 228.10
9597547 7.64 9 103 CRYBA4 9694831 9700087 0.20 97.28
9606317 0.32 CRYBA4 9694831 9700087 0.01 88.51
9657903 0.06 CRYBA4 9694831 9700087 0.02 36.93
9736050 9.31 9 105 TPST2 9762022 9775088 0.71 25.97
9738714 4.27 9 105 TPST2 9762022 9775088 0.82 23.31
9759042 0.75 TPST2 9762022 9775088 0.02 2.98
9810461 2.78 9 103 HPS4 9810007 9834106 0.16 0.45
9870854 0.75 SEZ6L 9888560 9972812 0.02 17.71
9894359 0.03 SEZ6L 9888560 9972812 0.09 5.80
9910682 0.03 SEZ6L 9888560 9972812 0.09 22.12
9913455 0.75 SEZ6L 9888560 9972812 0.02 24.90
10044262 1.20 9 103 MYO18B 10181087 10411809 0.55 136.83
10093911 1.18 9 103 MYO18B 10181087 10411809 0.53 87.18
10114168 5.08 9 106 MYO18B 10181087 10411809 1.00 66.92
1Nearest gene to GWAS SNP as determined by distance from transcription start site (TSS). SNP highlighted in bold font reached the suggestive
threshold of P < 4.80 9 105.
Figure 7 Manhattan plot of association for the
change in measured speed (principal compo-
nent 1) with age.
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determine this, the total submaximal training and the
cumulative WDs would need to be incorporated to quantify
total training load.
The increase in speed with age is probably a combined
effect of horses both growing and strengthening with age, as
well as a physiological response to training. In human
studies, the responses to given training stimuli have been
shown to be highly variable among individuals, and highly
heritable (Bouchard et al. 2011; Rankinen et al. 2012; Rice
et al. 2012). Much of this work has been performed through
the HERITAGE family study, where 551 sedentary individ-
uals from 90 Caucasian families and 40 African-American
Table 4 GWAS results for the candidate region identified on ECA11 for change in principal component 1 with age.1
GWAS result Nearest gene Exercise Training
SNP position P Gene LD with top SNP (r2) Distance from TSS (kb) log2FC PFDR log2FC PFDR
42471888 7.97 9 106 FOXN1 1 10 263
42504809 6.13 9 103 UNC119 0.29 3374
42566965 0.08 KIAA0100 0.21 8631
42666135 1.83 9 103 TRAF4 0.22 480 1.06 6.90 9 1013 0.58 8.25 9 104
42683705 1.13 9 103 FAM222B 0.11 10 376
42738710 6.21 9 103 ERAL1 0.22 7256
42746814 0.01 ERAL1 0.21 848
42786705 1.17 9 104 DHRS13 0.19 411 0.79 6.78 9 109
42808655 0.03 PHF12 0.21 15 772
42866856 0.16 SEZ6 7.19 9 105 32 103
42868734 0.02 SEZ6 0.17 33 981
42868931 4.23 9 103 SEZ6 0.21 34 178
42870756 0.02 SEZ6 0.17 36 003
42898983 0.1 PIPOX 0.02 13 181
42938387 1.91 9 105 MYO18A 0.72 397 0.37 2.43 9 109 0.41 2.60 9 104
42975477 0.45 MYO18A 0.21 37 487
42975749 0.67 MYO18A 4.88 9 103 37 759
42992877 2.27 9 103 MYO18A 0.25 54 887
43001964 2.27 9 103 MYO18A 0.25 63 974
43001984 0.49 MYO18A 0.12 63 994
43073026 0.2 CRYBA1 2.74 9 103 3251 0.35 4.29 9 103
43079211 7.51 9 103 NUFIP2 0.21 4281 0.87 2.37 9 1019
43137269 1.77 9 103 NUFIP2 0.51 53 777
43163727 0.12 TAOK1 3.60 9 103 77 922
43220683 0.61 TAOK1 0.02 20 966
43277172 0.08 TAOK1 0.21 35 523
43282773 1.42 9 103 TAOK1 0.22 41 124
43372894 0.04 ANKRD13B 0.21 1124
43410795 0.01 SSH2 0.17 13 572 0.77 7.45 9 106
43414226 0.3 SSH2 0.11 17 003
43592444 3.13 9 103 EFCAB5 0.42 75 031 0.7 0.02
43596583 2.83 9 103 EFCAB5 0.45 70 892
43669190 0.3 EFCAB5 0.11 1715
43740401 0.08 EFCAB5 0.14 72 926
43795573 0.5 SLC6A4 3.60 9 103 60 103 1.36 8.68 9 107 1.02 9.44 9 103
43839853 0.17 SLC6A4 7.92 9 103 15 823
43874468 0.23 SLC6A4 8.82 9 103 18 792
43882694 0.06 BLMH 0.13 16 223 0.38 8.04 9 1012 0.44 7.76 9 105
43892849 0.02 BLMH 0.2 6068
43937486 0.45 TMIGD1 0.12 24 413
43992206 0.07 CPD 0.17 18 977
44036146 0.08 CPD 0.03 24 963
44045687 0.01 CPD 0.22 34 504
44155574 0.72 TUSC5 0.08 6975
44182205 0.5 TUSC5 6.23 9 103 19 656
44232578 0.39 U6 0.04 16 962
44285589 0.65 ABR 0.02 31 704
44292705 9.20 9 106 ABR 0.33 24 588
1Nearest gene to GWAS SNP as determined by distance from transcription start site (TSS). Genes identified as differentially expressed in response to
acute exercise and training stimuli by Bryan et al. (2017) were reported with log2 fold change (log2FC) and false discovery rate adjusted P-value
(PFDR). SNP highlighted in bold font reached the suggestive threshold of P < 4.80 9 10
5.
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families underwent a standardised 20-week training pro-
gramme (Bouchard et al. 1995). Physiological measure-
ments were taken before and after the training intervention
and used to compare responses between individuals in
response to the training. Thus far, heritable contributions to
traits such as change in fat-free mass (Rice et al. 1997),
maximum power output (Rico-Sanz et al. 2004) and gains
in maximal oxygen uptake (Bouchard et al. 2011) have
been reported. Consequently, for the present study, we
examined how measured speed changed with both age and
cumulative WDs. It should be noted that the use of
cumulative WDs to measure training does not capture
differences in duration of submaximal training or periods of
time out of training. Including these additional data may
improve the quantification of training load, and thus enable
more detailed examination of the training response in
individual horses. Likewise, use of concurrent HR monitor-
ing data may be applied to quantify gains in aerobic fitness.
Tests of genome-wide association did not detect SNPs
reaching genome-wide significance. However, this is not
entirely unexpected for several reasons. Firstly, the small
sample size for each phenotype means that there may be
limited power to detect significant associations. However, in
a study such as this where the horses were under highly
controlled environmental conditions (all horses were
housed together, trained on the same gallop track and
were under similar management), there was a reduction in
environmental variation compared with studies that utilise
racetrack performance, where there are many external
influences such as different trainers, jockeys, tracks, track
conditions, race tactics and other horses. There is an
inherent trade-off between increasing the sample size and
reducing the ability to control environmental factors.
Secondly, it is likely that traits such as measured speed
and the change in speed with age are highly polygenic.
Polygenic traits are influenced by many loci, each with a
small effect size contributing to the overall trait variation,
many of which would be too small to detect using stringent
thresholds for genome-wide significance (Manolio et al.
2009). Whereas no individual locus reached genome-wide
significance, several SNPs did reach the suggestive thresh-
old for association (P < 4.80 9 105) and were used to
define candidate genomic regions.
The GWAS for 2yo_PC1 identified a 1.09 Mb candidate
region on ECA8 containing six genes (Table 3). The highest
ranked SNP, g.10114168C>T (P = 4.28 9 106) was
located 67 kb downstream of the MYO18B gene. Myosin-
18B protein acts as a stabiliser within contractile fibres and
during formation of myosin II stacks (Jiu et al. 2019). A
human MYO18B null mutation has been shown to
significantly compromise sarcomere assembly and force
production within skeletal muscle (Alazami et al. 2015;
Berger et al. 2017). A similar loss of function was reported
in cardiomyocytes of mice, with the lack of a functional
Myo18b gene resulting in malformation of myofibrillar
structures (Ajima et al. 2008). In a study of the transcrip-
tional response to resistance exercise vs. aerobic exercise in
human skeletal muscle, MYO18B was significantly differ-
entially expressed in response to resistance exercise com-
pared with aerobic exercise (Dickinson et al. 2018).
However, MYO18B was not detected as differentially
expressed in equine skeletal muscle in response to exercise
or training (Bryan et al. 2017). The exercise test used in
Bryan et al. (2017) had both resistance and aerobic
components, which may explain MYO18B not being
identified as differentially expressed in response to this
exercise test. These results suggest a role for the Myosin-
18B protein in skeletal muscle structure, as well as
MYO18B within the transcriptional response to resistance
exercise within muscle.
One of the SNPs reaching the suggestive threshold for
association was located 278 kb downstream of the MN1
gene. MN1 has mostly been investigated in terms of its role
in the pathogenesis of leukaemia in humans (Valk et al.
2004; Heuser et al. 2006; Carella et al. 2007). However, in
terms of muscle physiology, MN1 has been found to be
overexpressed in human skeletal muscle compared with
other human tissues (GTEx Consortium 2013), and in
horses has been shown to be significantly downregulated in
response to acute exercise (log2FC = 0.47,
PFDR = 4.87 9 10
4; Bryan et al. 2017), suggesting that
MN1 may be important for skeletal muscle function. Other
genes within this ECA8 candidate region include Crystallin
beta A4 (CRYBA4) and Tyrosylprotein sulfotransferase 2
(TPST2). Crystallin proteins comprise a major structural
component of the vertebrate optic lens, with mutations
within CRYBA4 associated with conditions of the eye such
as myopia and cataracts (Billingsley et al. 2006; Ho et al.
2012). In the context of muscle, crystallin proteins were
upregulated in response to mechanical stress in cultured
Table 5 ECA2 SNPs identified in GWAS for change in principal component 1 with age.1
GWAS result Nearest gene
SNP position P Gene TSS Gene end LD with top SNP (r2) Distance from TSS (kb)
100260390 1.99 9 105 SCLT1 100184394 100329118 1.00 76.00
100290657 3.33 9 105 SCLT1 100184394 100329118 0.98 106.26
1From n = 168 horses. SNPs reached the suggestive threshold for association (P < 4.80 9 105). Both SNPs are located within the SCLT1 gene and
distance from the transcription start site (TSS) given.
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rabbit myocardium (Bupha-Intr et al. 2007). TPST-2 is an
integral membrane glycoprotein acting as a tyrosine
sulfurase within the trans-Golgi network and ubiquitously
expressed across tissues (Beisswanger et al. 1998; Ouyang
et al. 2002; Sasaki et al. 2007). A missense mutation within
TPST2 in mice is associated with the ‘growth-retarded
mouse’ phenotype, showing significant dwarfism, impaired
thyroid stimulating hormone response and associated
thyroid hypoplasia (Sasaki et al. 2007).
The GWAS for DPC1 identified the 1.82 Mb candidate
region on ECA11 containing 24 genes, as defined by three
SNPs reaching the suggestive threshold of significance.
The strongest association was with the g.42471888T>C
SNP, the nearest gene is Forkhead Box N1 (FOXN1) located
10.3 Mb downstream of the SNP (Table 4). FOXN1
encodes a transcription factor regulating organogenesis
of the thymus (Jackson et al. 2010). Absence of functional
FOXN1 results in the ‘nude’ phenotype, where there is
lack of hair and immune deficiency owing to the lack of a
functional thymus (Golson & Kaestner 2016). The second
ranked SNP, g.44292705T>G, was located 24.6 Mb from
the ABR Activator of RhoGEF and GTPase gene (ABR;
Table 4). ABR interacts with Rac which is a master
regulator of immune cell function (Gong et al. 2013).
Ablation of ABR results in increased severity in asthma
symptoms in a murine asthma model (Gong et al. 2013),
increased susceptibility to endotoxemia and increased lung
tissue injury after exposure to endotoxin (Cunnick et al.
2009).
The third suggestive SNP was located 397 kb from the
TSS of the MYO18A gene, which is functionally closely
related to MYO18B. Whereas MYO18A is expressed in
many tissues, MYO18B appears to be predominately
expressed in cardiac and skeletal muscle (Liang et al.
1999; Ajima et al. 2008). MYO18A has recently been
identified as a key regulatory gene in the transcriptional
response of equine skeletal muscle to exercise and training,
ranking among the top 30 hub and bottleneck genes in an
interaction network analysis using RNA-seq data (Bryan
et al. 2017). Functional networks within the skeletal
muscle transcriptome were reconstructed by combining
known protein–protein interactions and co-expression of
differentially expressed genes. In resting samples (i.e. no
exercise stimulus), MYO18A was ranked ninth among all
expressed genes for the greatest number of direct interac-
tions with other genes (degree = 5) and number of co-
expression interactions (betweenness = 158). There was a
similar observation among transcripts derived from sam-
ples following exercise; MYO18A ranked eighth for degree
(7) and tenth for betweenness (608). In the network,
MYO18A was the centre of a cluster enriched for genes
related to actin filament processes, cytoskeleton protein
binding, insulin and platelet-derived growth factor sig-
nalling (Bryan et al. 2017). Platelet-derived growth factor
signalling has been shown to play a role in angiogenesis in
skeletal muscle (Hellstrom et al. 1999; Naylor et al. 2014),
with angiogenesis being a key response to training within
the muscle (Booth et al. 2015). These results highlight
MYO18A as a key regulator in the coordination of the
transcriptional response to exercise and genetic variation
proximal to the gene may be responsible for variation in
the response.
MYO18A is just one of 11 genes present in the
candidate region identified on ECA11 for DPC1 that are
also transcriptionally responsive in muscle to exercise and
training (Table 4). These results suggest that this genomic
region is an important transcriptionally active region that
responds to exercise and training stimuli in the muscle.
Genomic variation in this region may alter the transcrip-
tional response to exercise and training in skeletal muscle,
and thus may impact end-point phenotypes relevant to
adaptation to training, such as the temporal change in
speed. Given that the regulation of gene expression has
been proposed as the greatest determinant of phenotype,
the identification of genomic loci contributing to variation
in expression is particularly important (Gilad et al. 2008;
Peck et al. 2015). Greater understanding of regulation in
skeletal muscle gene expression and variation in gene
expression between horses may be applied to inform
trainers and optimise training regimes for individual
horses. More than 85% of loci identified by GWAS are
in non-coding regions, and an enrichment of gene
expression quantitative trait loci (eQTL) has been identified
in GWAS hits (Hindorff et al. 2009; Brown et al. 2013;
Jansen et al. 2017; Zhernakova et al. 2017). The identifi-
cation of eQTL is particularly important to inferring
functional relevance for loci identified by GWAS, and as
key contributors to end-point phenotypes themselves
through their influence on gene regulation. Therefore,
eQTL may be useful as markers for prediction and
selection of physiological traits.
Another candidate region identified in the GWAS for
DPC1 was on ECA2; the two SNPs reaching the suggestive
threshold for association were within SCLT1. SCLT1 has
also been found to be significantly upregulated in skeletal
muscle in response to exercise in Thoroughbreds
(log2FC = 0.52, PFDR = 2.98 9 10
5; Table 6). SCLT1
encodes an adaptor protein CAP-1a linking voltage-gated
sodium channel Nav1.8 and clathrin, expressed primarily in
dorsal root ganglia and hypothesised to be related to
nociception (Liu et al. 2005). However, a recent study in
Sclt1 knockout mice found that they exhibited a range of
phenotypes including polycystic kidneys, shortened intes-
tine and increased fibrosis (Li et al. 2017). This is suspected
to be a result of reduced ciliary function and generation
(Tanos et al. 2013). SCLT1 has also been implicated as a
significant driver of breast cancer using transcriptomic
signatures (Pongor et al. 2015). This may be due to SCLT1
loss increasing PKA and subsequent ERK and STAT3
signalling, increasing cell proliferation (Li et al. 2017). This
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role in cell proliferation may therefore have implications for
cell growth and turnover which may be relevant to exercise.
Conclusion
Research into the genetic basis of exercise traits in a highly
adapted animal model such as the Thoroughbred continues
to provide insights into the genomics underlying the
physiological and skeletal muscle transcriptional responses
to exercise and training that subsequently impact athletic
performance on the racecourse. Using GPS monitoring
during training in a cohort of active racing Thoroughbreds,
we derived a useful index of speed, PC1, that was signifi-
cantly different among 2-year-old elite, non-elite and
unraced horses. Using 2yo_PC1 as a phenotype in a GWAS,
we identified a candidate region on ECA8 including the
MYO18B gene, which may be related to sarcomere forma-
tion and function. A GWAS for DPC1 identified candidate
regions on ECA2 and ECA11. The three ECA11 SNPs defined
a 1.82 Mb region containing several genes involved in the
transcriptional response to exercise and training, including
MYO18A, a central component of the regulation of skeletal
muscle gene expression in the horse (Bryan et al. 2017). We
hypothesise, therefore, that genomic variation in this region
may alter the transcriptional response to exercise, mediating
variation in end-point phenotypes that may respond to
training. This new knowledge of genomic variant contribu-
tion in speed variables, which appear to be central regulators
of the transcriptional response to exercise, may make them
useful predictors for the training response in Thoroughbreds.
In turn, such genomic information may be applied in the
early identification of horses with higher potential for speed,
and more specifically by trainers to inform the optimisation
of individual training regimes.
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